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POST-PERFORATION CHARACTERISTICS OF YAWED LONG RODS
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Perforation of finite-thickness, rolled homogeneous armor (RHA) plate by a
ductile, tungsten-alloy, long-rod penetrator will reduce the length and
velocity of the residual rod. Test results presented in the paper show the
angle of inclination (yaw) of the rod also contributes to the reduction of For
residual-rod length and velocity. Two sizes of 90-percent-tungsten-alloy R or
rods were fired at normal incidence (0° obliquity) against RHA plates with RA&I

nominal impact velocities of 2.2 km/s. Multiple-exposure, orthogonal-pair ce
flash radiographs were used to obtain pre-impact pitch and yaw of the rods _n
and residual-rod length, velocity, and trajectory data. In addition to erosion, - ................-- --
two post-impact mechanisms were observed to reduce the length and
velocity of the yawed rod--(1) extremely localized bending and fracture of i,'
the front of the rod and (2) a second collision of the rod with the penetration --
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INTRODUCTION 1/

Impact of a target by an inclined or yawed long-rod penetrator is, for all practical purposes, a
certainty. Many factors and/or forces can cause a long rod to rotate about its center of mass
during the flight from the launcher to the target. Since all long-rod penetration data are
"flawed" in the sense that long rods rarely arrive at the target with their center line exactly
coincident with the shot center line, knowledge of the effect yaw has on the penetration or
perforation of a target is important.

Large bodies of penetration data have been reported for long rods, but not all investigators
report (or have precisely determined) the pitch and yaw characteristics of the projectiles used
in their tests (see, for example, Anderson et aL [11). The impact and penetration
characteristics of highly-yawed rods was studied extensively by Bertke et al. [2] and Bless
et al. [3]. Yawed-rod work has been reported infrequently by other investigators in the
intervening years. More recently, Bjerke et al. [4] have extended the concept of critical yaw
angle, given by Silsby et al. [5], to examine penetration behavior as impact yaw is increased
from a value below the critical yaw angle to values significantly above the critical yaw angle.
The work described by Bjerke et al. was for penetration into semi-infinte targets. The work
described in this paper examines the penetration and post-perforation characteristics of yawed
long rods that impacted finite-thickness targets.



EXPERIMENTAL PROCEDURE

The tests described in this paper were performed in the Impact Physics Laboratory of the
University of Dayton Research Institute. Long tungsten rods, with length-to-diameter ratios
(LID) of 20, were fired at normal incidence into finite-thickness plates of rolled
homogeneous armor (RHA) using a 50/20 min, two-stage, light-gas gun. A total of 14 tests
with a nominal impact velocity of 2.20 km/s were performed. The rods used in these tests
were identical to rods used in a series of tests to evaluate scale modeling issues in armor
penetration experiments [6]. In that series of tests, 1/3.15-, 1/6.30-, and 1/12.60-scale long
rods were fired into several types of targets.

Puller-type sabots were required to successfully launch the 1/3.15- and 1/6.30-scale rods to
the desired velocity of 2.20 km/s. A portion of the surface of the rod and the bore of the
sabot were fabricated with machine-screw threads to facilitate transfer of launch loads
between the rod and the sabot. Although not necessary for launch purposes, a short threaded
section was incorporated in the design of the 1/12.60-scale rod to preserve similarity of the
rod designs. A 1/6.30- ,?d 1/12.60-scale rod are shown, with appropriate details, in Fig. 1.
The rods were made from WN008F, a tungsten alloy consisting of 90 percent tungsten, 8
percent nickel, and 2 percent iron (p = 17.13 g/cm 3). A hollowed-out, light-weight aluminum
flare was lightly pressed on the end of the rod. Nominal rod/flare weights for the 1/6.30- and
1/12.60-scale rods were 19.1/0.40 g and 2.36/0.10 g, respectively.

LE 
-T-

"-__THREAD SERIES (HEMSPHERICAL NOSE)

Rod D. L, EL T, Thred

.. Scale (mm) (mm) (mmnI (mm) series
ISU' r 1/6.30 4.030 80.62 30.35 19.68 12-24LUNC-1/12.60 2.016 40.33 16.64 6.86 4-40 UNC

Fig. I. Long-rod penetrators used in tests.

The targets used with the 1/12.60-scale rods were 2.5-cm-thick by 10.2-cm-square plates of
RHA with a nominal hardness of Rc 3 0. Heat-treated, A.I.S.1 4340 alloy-steel plates, 5.1-cm-
thick by 10.2-cm-square, were used as targets for the 1/6.30-scale rods. The target plates
were clamped in a test fixture mounted inside the target chamber of the range.

Three pairs of orthogonal flash x-rays were used to preview the impact and emergence of the
residual rod. The relationship of the target, x-ray sources, and other relevant articles used to
produce one of the orthogonal views is shown in Fig. 2. Firing of the x-rays at predetermined
time intervals was accomplished with use of time-delay generators. An event-initiating
trigger pulse was generated when the rod passed through a laser-photodetector system located
a short distance uprange of the target. Firing of the first pair of x-rays produced the pre-
impact views of the rod. Fiducial pins, extending into the field of view of both x-ray heads,
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Fig. 2. Setup used to obtain multiple-exposure, orthogonal-pair flash radiographs.

provided the reference for measurement of pitch and yaw of the rod. The second and third
pair of x-rays were used to produce a double-exposed image of the residual rod and the
associated debris. Careful positioning of the x-ray sources with respect to the range center
line, target, and film facilitated determination of the trajectory of the residual rod. The
residual velocity of the rod remnant was computed using the displacement of the residual rod
and the measured time between firing of the x-rays. Residual-rod length and trajectory were
also determined from the radiographs.

RESULTS

Radiographs of four tests using 1/12.60-scale rods, at varying angles of inclination, are
presented in Fig. 3. Only a top or a side view is provided for each test. As shown in Fig. 3,
the length of the residual rod decreased significantly as the angle of inclination increased.
The inclination angle of the rod at impact was determined using pitch and yaw measurements
taken from the x-rays. Pitch, in this paper, is the upward or downward inclination of the rod
as observed in the side-view radiograph. Yaw is the inclination of the rod to the right or left
as seen in the top-view radic3raph. The inclination of the rod was determined to be the
square root of the sum of the squares of the pitch and yaw angles of the rod.

The radiographs from the 14 tests were also analyzed to determine the length, Lr, trajectory,
and velocity, Vr, of the residual-rod fragment(s). Results of the analyses are presented in the
table with other pertinent test data. The length of the residual rod reported in the table was
the length of the longL piece of the rod seen in the debris cloud. In most instances, this
piece was at the front of the debris cloud. In a majority of the tests, the rear end of the
residual rod was broken as shown in the radiograph from Shot 4-1498 in Fig. 3.
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Shot 4-1498 Inclination - 3.7 Degrees Vs - 2.21 kmAs

Shot 4-1499 Inclination 4.6 Degrees Vs - 2.17 km/s

Shot 4-1496 Inclination 7.2 Degrees Vs - 2.25 km/s

Shot 4-1495 Inclination - 16 9 Degrees Vs -2.17 km/s

Fig. 3. Radiographs of four tests employing I/ I2.60-scale long rods with
varying angles of inclination.
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Residual Rod Data

Shot Hardness VS Inclination Vr Vr/Vs Lr LALo Azimuth (deg)
No. (Rc) (kinds) (Degrees) (kin/s) (-) (cm) (--) Pre-Impact Residual

1/12AOScaie Rds - Lo=4.O3cm

4-1495 33 2.17 16.9 Did Not Penetrate 7 -

4-1496 33 2.25 7.2 1.76 0.782 0.51 0.126 336 337
4-1497 28 2.18 4.3 1.90 0.872 0.79 0.195 282 293
4-1498 30 2.21 3.7 2.02 0.914 1.73 0.428 214 214
4-1499 30 2.17 4.6 1.94 0.894 0.91 0.226 9 8
4-1530 28 2.18 5.2 1.91 0.876 0.71 0.176 51 52
4-1531 29 2.16 5.3 1.74 0.806 0.58 0.145 337 326
4-1532 32 2.18 5.2 1.80 0.826 0.61 0.151 358 346
4-1535 32 2.19 7.6 1.61 0.735 0.40 0.100 314 311
4-1624 31 1.98 2.7 1.85 0.934 1.24 0.308 0 0
4-1652 41 2.13 10.8 1.02 0.479 Small Fragments 199 -

1/6.30Scale Rods - L=8.06can

4-1623 30 2.22 4.6 2.09 0.941 1.96 0.242 276 280
4-1626 31 2.24 10.9 1.57 0.700 1.300 0.161 198 206
4-1651 32 2.18 8.9 1.86 0.853 0.94 0.116 202 206

* Y-shaped and split open.

DISCUSSION

Residual rod lengths and velocities were normalized by dividing them by the initial rod
length, Lo, and impact velocity, Vs. Normalized rod length and velocity are shown as a
function of the inclination angle of the rod at impact in Fig. 4. Silsby et al. [5] have given an
expression for determination of a critical yaw (inclination) angle, i.e., the angle at which the
tail of a long-rod penetrator will touch the side wall of a crater. The expression is as follows:

"7cr = sin-I [(H-D) / 2L].

In this expression, D and L are the rod diameter and length, respectively, and H is the
diameter of the penetration channel. At an impact velocity of 2.20 km/s, H = 2D for work
described in this paper. For an LID = 20 rod traveling at 2.20 km/s, the critical angle, as
defined above, is about 1.5 degrees. Inclination angles for all the tests in this paper were
considerably larger than the critical yaw angle defined by Silsby et a1. Examination of the
radiographs for the tests presented in this paper showed that the tail end of the residual roe
was broken or at least severely deformed for all tests. Clearly, significant interference
between the rod end and the sidewall of the penetration channel had occurred at some point
in the penetration process. In the scale modeling series [6], a 1/12.60-scale rod travelling at
2.21 km/s impacted a 3.89-cm-thick, 4340 alloy-steel target at essentially zero degree
inclination. A 0.81-cm-long residual rod, was observed leaving the target. The tail end of
the residual rod was intact and undamaged for this test.
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Fig. 4. Normalized-residual rod velocity and length as a function of inclination angle
of rod at impact. Impact velocity, Vs, was 2.2 km/s unless noted otherwise.

In addition to the straight-line motion of the residual rod (fragment) away from the target, all
fragments were observed to have a small to large angular velocity. Use of the orthogonal-
pair flash x-rays allowed the trajectory of the estimated center of mass to be determined for
the rotating residual-rod fragments. The azimuth of the trajectory of the fragment, when
viewed from a position facing the front of the target, was compared with the azimuth of the
tail of the rod before impact in Fig. 5. The agreement of the azimuth angles is remarkable.
Deviation of the trajectory of the residual rod from the shot center line was also determined
(but not presented in the table). Agreement of the inclination angle of the trajectory of the
residual rod with the inclinatinangIe of the rod at impact was very good. The observed
change in the direction of motion of the rod fragment from the shot center line was clearly
related to the inclination of the rod at impact. Understanding the kinetics of the penetration
of yawed long rods remains an area for further study.

Comparison of residual-fragment data for the different rod scales showed that residual-rod
lengths appeared to scale (for the limited data available). Normalized residual-rod velocities
do not scale and are considerably higher for the 1/6.30-scale tests than for the 1/12.60-scale
tests. Post-perforation trajectory characteristics of the rod fragments were the same for both
rod scales, however.

Use of the larger scale rod provided an additional benefit since the radiographs exhibited
considerably more detail in the views of the residual rod and fragments. Side and top views
of that portion of the radiographs showing post-perforation performance of a 1/6.30-scale roe'
are presented in Fig. 6. A similar view for a 1/12.60-scale rod is also presented in Fig. 6.
The yaw-plane view of the residual rod from the 1/6.30-scale test clearly shows that the nose
of the rod experienced extremely localized and severe bending shortly before emerging from
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Fig. 5. Azimuth of residual rod as function of azimuth of the rod at impact.

the penetration channel. The eroding end of the rod was bent around to form a tight hook.
Several fractures developed during bending. Separation of the front pieces of rod is well
underway in the second view of the debris. Also evident in the second view (in the yaw
plane) is a short section of threaded rod (see arrow in figure) trailing the large rod fragment.

The end of the rod was broken in two places. A short piece of rod appears to be moving
away from the rotating large piece and the piece that was the end of the rod. The behavior of
the various pieces gives insight into events which occurred during penetration. When the
inclined rod struck the mouth of the penetration channel, a large angular velocity was
imparted to the rod. A second contact between the rod (now rotating) and the mouth of the
channel was violent enough to fracture the rod in two places, deforming the section that
struck the penetration channel.

Exit holes for all targets in which the inclination angle was greater than 4 degrees exhibited
considerable enlargement and eccentric bell-mouthing. Exit holes for targets impacted by
rods at inclination angles of less than 4 degrees were round and slightly smaller in diameter
than the entrance hole diameter. Two profiles of the penetration channel produced by the
1/6.30-scale rod shown in Fig. 6 were generated using measurements taken from both sides
of "slices" taken parallel to the surface of the target. The reconstructed penetration channel
and several views of target "slices" are presented in Fig. 7. The exaggerated (2.6X) profile
clearly shows the eccentric, bell-mouthed shape of the exit hole. A titanium disc, used in the
base of the sabot, struck the upper-left quadrant of the entrance hole approximately 46 Ps
after the rod impacted the target. An probable entrance-hole profile is shown in Fig. 7 in an
attempt to compensate for damage done by the edge-on impact of the disc.



*4W1

Sht 4-62 Pic Plan (Sdiw . eresU s22 r/

i .-.- I'. - *

Shot 4 Y PRih Vs 2 -

6*. IL *'w t..
Shot 4-1623 Pitch Plane (Side View) 0.5 Degrees Up Vs = 2.22 km/s

* ;

Fig. 6. Radiographs of residual rods showing bending and failure of projectiles during
late stages of penetration. Upper two views for i/6.30-scale rod. Bottom
view is of I/ 2.60-scale rod.
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Fig. 7. Reconstruction of penetration-channel profiles in pitch and yaw planes.
Data used to reconstruct profile were obtained from measurements
taken from faces of target "slices". A 2.6X exaggeration of the profile
was used to emphasize channel details. Channel diameter is to scale
at face of fifth slice.

The shape of the residual rod observed for Shot 4-1626 was unique in the test series. A 1.3-
cm-long, Y-shaped residual fragment was produced in this test. The appearance of the
fragment suggested that the residual rod may have "over-rolled" a piece of rod stuck in the
penetration channel, with the end result that the residual rod was flattened and split apart at
the front. Some evidence of an intact but gouged tail end of the rod was observed in the
radiographs.
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SUMMARY

The inclination of the rod at impact determines the inclination of the trajectory of the residual
fragment. Length of the residual-rod fragment appears to scale with the scale of the rod, as a
function of inclination angle of the rod. The velocity of the residual-rod fragment does not
scale. Bending of the eroding end of the rod and eccentric bell-mouthing of the exit hole in
the target were characteristically observed when the inclination of the rod was greater than 4
degrees.
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